Fluorescent Gold Nanoprobes for the Sensitive and Selective Detection for Hg2+ by Chai, Fang et al.
NANO EXPRESS
Fluorescent Gold Nanoprobes for the Sensitive and Selective
Detection for Hg
2+
Fang Chai • Tingting Wang • Lu Li •
Haiyan Liu • Lingyu Zhang • Zhongmin Su •
Chungang Wang
Received: 25 May 2010/Accepted: 2 August 2010/Published online: 2 September 2010
 The Author(s) 2010. This article is published with open access at Springerlink.com
Abstract A simple, cost-effective yet rapid and sensitive
sensor for on-site and real-time Hg
2? detection based on
bovine serum albumin functionalized ﬂuorescent gold
nanoparticles as novel and environmentally friendly ﬂuo-
rescent probes was developed. Using this probe, aqueous
Hg
2? can be detected at 0.1 nM in a facile way based on
ﬂuorescence quenching. This probe was also applied to
determine the Hg
2? in the lake samples, and the results
demonstrate low interference and high sensitivity.
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Introduction
Among heavy metal ions, mercury is considered highly toxic
and widespread pollutant, and its damage to the brain, ner-
vous system, endocrine system and even the kidneys is well
known[1].Water-solubledivalentmercuricion(Hg
2?)ison e
ofthemostusualandstableformofmercurypollution,which
provides a pathway for contaminating vast amounts of water
andsoil.Ionicmercurycanbeconvertedintomethylmercury
by bacteria in the environment, which enters the food chain
and accumulates in higher organisms [2]. Therefore, envi-
ronmental monitoring of aqueous Hg
2? becomes an
increasing demand. Traditional methods such as inductively
coupled plasma mass spectrometry (ICPMS) to detect mer-
cury ions often are costly, nonportable and require sophisti-
cated instruments for analysis [3]. Thus, the development of
new,practicalassaysfor Hg
2?detectionremains a challenge.
Toward this goal, a number of the sensitive and selective
sensors forthe detectionofHg
2?havebeendeveloped,based
on gold nanoparticles [4–7], ﬂuorophores [8–11], DNA or
DNAzymes [12–16], polymer materials [17, 18] and proteins
[19, 20]. Among these sensors, many are constructed with
oligonucleotides containing thymine (T) as the sensing ele-
ments. But using nucleic acids or enzyme as sensing element
makes it too costly and time-consuming for real life. More-
over, the US Environmental Protection Agency (EPA) stan-
dard for the maximum allowable level of inorganic mercury
indrinkingwateris2 ppb(10 nM)[21].Thisconcentrationis
muchlowerthanthedetectionlimitofmostavailablesensors.
There is a need for more sensitive, convenient and economic
methods to detect Hg
2? in environment.
Recently, highly ﬂuorescent gold nanoparticles were
used as probes to detect Hg
2? based on ﬂuorescence
quenching through Hg
2?-induced aggregation of AuNPs
[22]. The limit of detection was 5 nM, which was a lower
result than EPA standard, and conﬁrmed that the ﬂuores-
cent gold nanoparticles were sensitive sensors. And Ying
et al. have reported a red-emission high-ﬂuorescent bovine
serum albumin (BSA) functionalized gold nanoparticles
(BSA-GNPs) by a simple, one-pot, ‘‘green’’ synthetic route
[23]. Considering the BSA molecular surface is rich in
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heavy metal ions, maybe resulting in the ﬂuorescence
quenching of BSA-GNPs, we employed BSA-GNPs to
detect Hg
2? by the ﬂuorescence quenching in this work. In
addition, a practical environmental assay was carried out.
Experimental Section
Chemicals and Materials
All chemicals used were of analytical grade or of the
highest purity available. Chloroauric acid (HAuCl4) was
obtained from Sigma–Aldrich (USA) and used as received.
BSA was obtained from Genview. The used metal salts
Pb(NO3)2, Ni(NO3)26H2O, Cd(NO3)4H2O, FeCl24H2O,
Mg(NO3)26H2O, CaCl22H2O, Co(Ac)26H2O, Zn(Ac)2
2H2O, BaCl22H2O, CuSO45H2O, Hg(NO3)22H2O,
Cr(NO3)39H2O, Mn(Ac)24H2O and NaOH were pur-
chased from Beijing Chemical Reagent Company (Beijing,
China). The stock solution of Hg
2? was 5 mM. All glass-
ware was thoroughly cleaned with freshly prepared 3:1
HCl/HNO3 (aqua regia) and rinsed thoroughly with Mill-Q
(18 MX cm
-1 resistance) water prior to use.
Instrumentation
The ﬂuorescence spectra were measured using a Cary
Eclipse Fluorescence spectrophotometer (USA Varian).
Both the excitation and emission slit widths were set to
20 nm, and the measurement was done at 20C. The
excited wavelength was 470 nm.
Preparation of BSA-GNPs
BSA-GNPs were fabricated by a previously reported
method [23]. In a typical synthesis, aqueous HAuCl4 solu-
tion (5 mL, 10 mM, 37C) was added to BSA solution
(5 mL, 50 mg/mL, 37C) under vigorous stirring. Two
minutes later, NaOH solution (0.5 mL, 1 M) was intro-
duced, and the mixture was incubated at 37C for 12 h. The
color of the solution changed from light yellow to light
brown, and then to deep brown. The deep brown solution of
BSA-GNPs emits an intense red ﬂuorescence (Fig. 1b (a),
under UV light 365 nm). The changes of ﬂuorescence
intensity of BSA-GNPs at various reaction times were
showed in Fig. S1. The ﬂuorescent BSA-GNPs show
emission peak at 640 nm, excitated by 470 nm (Fig. 1b (a)).
Procedures for Hg
2? Detection
The as-prepared BSA-GNPs were diluted to 40 times, the
resulting BSA-GNPs solution was used as the detection
probe. The samples were added into the BSA-GNPs probe
with a volume ratio (V/V) 4:1, which was the mixture of
the 400 lLH g
2? solution and 100 lL BSA-GNPs probe.
In the experiments of sensitivity of the detection, the
solution of Hg
2? was prepared from 0.1 nM to 4 lM. To
conﬁrm the practical application of the probes, a water
sample from a lake was ﬁltered through a 0.2-lm mem-
brane. A 100 lL of 100 lMH g
2? solution was added into
900 lL lake water, the resulting solution was 10 lM,
which was further diluted a series of different concentra-
tions of samples with lake water.
Result and Discussion
Fluorescent Detection of Hg
2?
The overall detection strategy is shown in Fig. 1a. BSA is a
large globular protein with a good essential amino acid
proﬁle and bear ﬂuorescence emission groups (tryptophan,
tyrosine and phenylalanine). So, there are lots of amino
acid residues on the surfaces of BSA-GNPs, which can be
proved by the FTIR spectra (Fig. S2) [24].
To evaluate the attachment of BSA onto the surface of
Au, the FTIR spectra of BSA and BSA-GNPs were shown
in Fig. S2. Compared to the spectrum of pure BSA, the
Fig. 1 a Schematic representation of Hg
2? sensing based on the
ﬂuorescence quenching of BSA-GNPs. b Fluorescence spectra of
BSA-GNPs in the (a) absence and (b) presence of Hg
2? (4.0 lM), the
inset shows corresponding photograph under (top) visible and
(bottom) UV light
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123characteristic peaks of BSA-GNPs such as at 1,654, 2,958
and 3,421 cm
-1 can be clearly seen, which indicating the
modiﬁcation of BSA on the Au nanoparticles. Compared
with the spectrum of pure BSA (Fig. S2a), the character-
istic peaks of BSA-GNPs such as at 1,654, 1,546 cm
-1 can
be clearly seen (Fig. S2b), which are attributed to the amide
I and amide II vibrations of BSA on the Au nanoparticles
[24, 25]. The FTIR spectra indicated that the basic structure
of BSA still maintained after modiﬁed the gold nanopar-
ticles. In addition, the residues of amino acid can readily
coordinate with heavy metal ions [26, 27], when Hg
2?
coordinated with the BSA-GNPs, the ﬂuorescence emission
of BSA-GNPs may be quenched.
The ﬂuorescence emission of the BSA-GNPs was shown
in Fig. 1b; the maximum emission and excitation wave-
lengths were at 640 and 470 nm, respectively. The ﬂuo-
rescence emission was readily quenched in the presence of
Hg
2?. As illustrated in Fig. 1b, the BSA-GNPs solution
showed strong emission at 640 nm (curve a), when added
the solution of 4 lMH g
2? (curve b), the ﬂuorescence
emission was quenched immediately. The inset is the
corresponding photograph, the BSA-GNPs solution
showed strong red emission under UV light and the red
emission of BSA-GNP-probes was quenched by the addi-
tion of Hg
2?. The corresponding TEM images of original
and the aggregated BSA-GNPs were shown in Fig. S3.
After the addition of Hg
2?, the dispersed BSA-GNPs with
diameter in ca. 2 nm (Fig. S3a) aggregated seriously (Fig.
S3b). Therefore, Hg
2? detection could be easily realized
via monitoring the ﬂuorescence quenching of the BSA-
GNPs under the UV light.
To evaluate the detectable minimum concentration of
Hg
2? in aqueous solution by ﬂuorescence quenching, the
various concentrations of 0.1 nM–4 lMH g
2? were added
into BSA-GNPs solution, respectively. As shown in Fig. 2,
all the maximum ﬂuorescence emissions of the BSA-GNPs
were at about 640 nm, and the ﬂuorescence intensity of the
BSA-GNPs showed a gradual decrease with the concen-
tration of Hg
2? increasing from 0.1 nM to 4 lM. Notely,
the ﬂuorescence was quenched completely at about 4 lM.
However, the red emission of BSA-GNPs can not be
observed after added into 2.5 lMH g
2? under the UV light.
The inset is a linear between the ﬂuorescence intensity with
the different concentrations of Hg
2?. There is a well linear
relationship over the concentration range from 1 nM to
4 lM with the R
2 = 0.98876, indicating the ultrasensitive
detection of Hg
2?. The detection limit of the BSA-GNPs
probe for Hg
2? detection was 0.1 nM, which was much
lower than the EPA standard for the maximum allowable
level 2 ppb (10 nM) in drinking water. To conﬁrm
the rapid response of BSA-GNPs to Hg
2?, we measured the
response time of ﬂuorescence quenching by monitoring the
ﬂuorescence changes for 5 min after the addition of Hg
2?
into the BSA-GNPs (Fig. S4). As a result, the ﬂuorescence
quenching by Hg
2? was completed almost within 1 min,
allowing the rapid detection of Hg
2?. The experimental
results indicate the feasibility of detecting Hg
2? accurately
using the BSA-GNPs probes.
Selectivity of the Sensing System
We investigated the selectivity of our new approach for
Hg
2? over other metal ions (500 lMC d
2?,C r
3?,B a
2?,
Zn
2?,C a
2?,M n
2?,M g
2?,F e
2?,Co
2? and 50 lMN i
2?,
Cu
2?,P b
2?) under the same conditions. As indicated in
Fig. 3a, the solution of BSA-GNPs after added other ions
has ﬂuorescence emissions at about 640–650 nm. Impor-
tantly, the ﬂuorescence of the BSA-GNPs was quenched
completely in the presence of Hg
2?, while almost 100%
ﬂuorescence quenching was not observed in the presence of
other metal ions. All of the ﬂuorescence intensities of BSA-
GNPs after the addition of other ions were much higher
than that of Hg
2?, although the concentration of other ions
was 10–100 times more higher than that of Hg
2? solution,
indicating the BSA-GNPs probe was highly selective for
Hg
2? over the other metal ions. To further illustrate the
selectivity of this BSA-GNPs-based detection system, we
used the enhanced ratio to express the intensity ratio, that
is, the value of intensity of ion/intensity of control (I/I0). In
the Fig. 3b, the ratio of intensity of ﬂuorescence spectra
I/I0 (640 nm) can be observed clearly. For example, the I/I0
value of Cd
2? (500 lM) was at least 10 times higher than
that of Hg
2? (4 lM), suggesting the detection limit for
Hg
2? was almost 100 times higher than Cd
2?. And the
solutions of 50 lMN i
2?,C u
2?,P b
2? were over 10 times
higher than Hg
2?. By comparison, the decrease in ﬂuo-
rescence intensity was more remarkable in presence of
Fig. 2 Fluorescence response of 100 lL BSA-GNPs on addition of
400 lLH g
2? solution (0.1 nM to 4 lM). The inset shows a plot of
ﬂuorescence intensity versus the concentrations of Hg
2? in the range
of 1 nM to 4 lM
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2?. The addition of other ions with high concentrations
to the BSA-GNPs has some effect on the intensity of
ﬂuorescent spectra, but did not occur ﬂuorescence
quenching completely. Additionally, we also investigated
the red emission of BSA-GNPs added with all the ions
under UV light. The BSA-GNP probes were added 50 lM
of Cd
2?,C r
3?,B a
2?,Z n
2?,C a
2?,M n
2?,M g
2?,F e
2?,
Co
2?,N i
2?,C u
2?,P b
2? and 4 lMH g
2?, respectively. As
shown in Fig. 3c, the red emission of BSA-GNPs was
quenched completely in presence of Hg
2?; however, the
red emissions of BSA-GNPs upon addition of other ions
were observed clearly. The experimental results indicate
that only the addition of Hg
2? caused ﬂuorescence
quenching completely, revealing the exceptional speciﬁcity
of this present method.
To further evaluate the selectivity, the Hg
2? detection in
the presence of other metal ions was investigated. The
ﬂuorescence responses of BSA-GNPs to different concen-
trations of Hg
2? in mixture solutions were obtained in Fig.
S5. The results indicated that the ﬂuorescent intensity of
BSA-GNPs still showed a gradual decrease with the con-
centration of Hg
2? increasing coexisting with other metal
ions in solution 1. Compared with mixture solution 1 (Fig.
S5a), the ﬂuorescent intensity of BSA-GNPs decreased a
lot coexisting with Cu
2?,P b
2? and Ni
2? (Fig. S5b), but it
did not affect the detection of Hg
2?. Though other metal
ions coexisted, the experimental results show that Hg
2?
can be detected against other heavy metals.
Application
To demonstrate the potential practical application of the
assay to measure the Hg
2? content in lake water, a water
sample from a freshwater lake on our campus was collected
and ﬁltered through a 0.2-lm membrane and then analyzed
by ICPMS (Table S1). We did not detect the presence of
Hg
2? ions in the lake water samples, which was in good
agreement with ICP-MS data. To determine the concen-
tration of Hg
2?, we applied a standard addition method [8,
9, 13, 28, 29]. The intensity of ﬂuorescence spectra of the
samples was decreased with the increase of Hg
2? concen-
trations from 0.1 nM to 4 lM. From Fig. 4, it is observed
that although the sample may contain some unknown con-
tamination that did not interfere with the BSA-GNPs-based
sensing system detecting aqueous Hg
2?, these experimental
results indicate BSA-GNPs-based sensing system can be
utilized for analyzing the practical samples.
Conclusion
In summary, a simple, portable detection method based on
ﬂuorescent BSA-GNPs probe that allows rapid, on-site,
Fig. 3 a Fluorescence spectra
of solutions of 100 lL BSA-
GNPs on addition of 400 lL
other ions (500 lMC d
2?,C r
3?,
Ba
2?,Z n
2?,C a
2?,M n
2?,
Mg
2?,F e
2?,C o
2?,5 0lM
Ni
2?,C u
2?,P b
2? and 4 lM
Hg
2?. b Enhanced ratios (I/I0)
of the ﬂuorescence intensity
(640 nm) of solution in (a).
Excitation wavelength: 470 nm.
c Fluorescence photographs of
100 lL BSA-GNPs upon
addition of 400 lL of other ions
other ions (50 lM) and Hg
2?
(4 lM)
Fig. 4 Fluorescence response of BSA-GNPs upon addition of Hg
2?
prepared using lake water. All other conditions were the same as those
described in Fig. 2
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123real-time detection of Hg
2? has been developed. The
method would also address many of the challenges of the
instrument-intensive methods of analysis. The experimen-
tal results show that Hg
2? can be detected quickly and
accurately with very low detection limit (0.1 nM) and
excellent discrimination against other heavy metals. We
believe this method may act as a platform for the rapid
detection of Hg
2? in aqueous biological and environmental
samples with high selectivity and sensitivity.
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